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In the framework of the kt-fatorization approah, the prodution of Υ mesons at
the Fermilab Tevatron and CERN LHC is onsidered, and the preditions on the spin
alignment parameter α are presented. We argue that measuring the polarization of
quarkonium states an serve as a ruial test disriminating two ompeting theoretial
approahes to parton dynamis in QCD.
I. INTRODUCTION
Nowadays, the prodution of heavy quarkonium states at high energies is under intense
theoretial and experimental study [1, 2℄. The prodution mehanism involves the physis
of both short and long distanes, and so, appeals to both perturbative and nonperturbative
methods of QCD. The reation of a heavy quark pair QQ¯ proeeds via the photon-gluon or
gluon-gluon fusion (respetively, in ep and pp ollisions) referring to small distanes of the
order of 1/(2mQ), while the formation of the olorless nal state refers to longer distanes of
the order of 1/[mQ αs(mQ)]. These distanes are longer than the distanes typial for hard
interation but are yet shorter than the ones responsible for hadronization (or onnement).
Consequently, the prodution of heavy quarkonium states is under ontrol of perturbative
QCD but, on the other hand, is sueeded by nonperturbative emission of soft gluons. This
feature gives rise to two ompeting theoretial approahes known in the literature as the
olor-singlet [3, 4℄ and olor-otet [5℄ models. Aording to the olor-singlet approah, the
formation of a olorless nal state takes plae already at the level of the hard partoni
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2subproess (whih inludes the emission of hard gluons when neessary). In the olor-otet
model, also known as nonrelativisti QCD (NRQCD), the formation of a meson starts from a
olor-otetQQ¯ pair and proeeds via the emission of soft nonperturbative gluons. The former
model has a well dened appliability range and has already demonstrated its preditive
power in desribing the J/ψ prodution at HERA, both in the ollinear [6℄ and the kt-
fatorization [7℄ approahes. As it was shown in the analysis of reent ZEUS [8℄ data, there
is no need in the olor-otet ontribution, neither in the ollinear nor in the kt-fatorization
approah.
Originally, the olor-otet model was introdued to overome the disrepany between the
large J/ψ prodution ross setion measured in pp interations at the Tevatron [9, 10, 11℄ and
the results of theoretial alulations based on the standard perturbative QCD tehnique.
The problem was apparently solved by attributing the disrepany to the hypothetial
ontributions from the intermediate olor-otet states, whih must obey ertain hierarhy
in powers of the relative veliity of the quarks in a bound system. However, the numerial
estimates of these ontributions extrated from the analysis of Tevatron data are at odds
with the HERA data, espeially as far as the inelastiity parameter z = Eψ/Eγ is onerned
[12℄. In the kt-fatorization approah, the values of the olor-otet ontributions obtained as
ts of the Tevatron data appear to be substantially smaller than the ones in the ollinear
sheme, or even an be negleted at all [13, 14, 15, 16℄.
In the present note we want to stress one again that measuring the polarizaton of
quarkonium states produed at high energies may serve as an important and ruial test
disriminating the dierent theoretial onepts. The rst attempts to solve the quarkonium
polarization problem within the kt-fatorization approah were made in the pioneering work
[17℄ (see also [18℄) for ep ollisions and in Refs. [13, 19℄ for pp ollisions. It was emphasised
that the o-shellness of the initial gluons, the intrinsi feature of the kt-fatorization
approah, has an immediate onsequene (by analogy with longitudinal photons) in the
longitudinal polarization of the nal state J/ψ mesons. The theoretial preditions [17℄ have
stimulated experimental investigation of J/ψ spin alignment at the ollider HERA. The
rst results obtained by the ollaborations H1 and ZEUS have been desribed in Ref.[7℄.
These results have qualitatively onrmed the preditions on the dominane of longitudinal
polarization.
The preliminary results on the J/ψ polarization at the Tevatron obtained by the
3ollaborations E537 [20℄ and CDF [21℄ also point to logitudinal polarization with the average
value of spin alignment parameter α ≈ −0.2 over the whole range of J/ψ transverse
momentum pT . The ollaboration D0 is urrently analysing the data on the spin alignment
of Υ mesons.
In the NRQCD approah, the problem of quarkonium polarization remains unsolved
[1, 2℄. The gluon fragmentation mehanism leads to strong transverse polarization. Inluding
the next-to-leading QCD orretions makes the transverse polarization even stronger. The
only way out is seen in inreasing the fration of unpolarized mesons by attributing large
ontributions to the ertain olor-otet hannels [19℄, whih, however, violates the expeted
NRQCD hierarhy. The role of the olor-otet ontributions taken into aount in the
analysis of reent ZEUS data is obsure and does not lead to a onlusive desription of
J/ψ polarization parameters (see [2℄).
II. NUMERICAL RESULTS
The goal of this paper is to derive theoretial preditions on the polarization of Υ mesons
produed at the Fermilab Tevatron and CERN LHC. In the kt-fatorization approah, the
ross setion of a physial proess is alulated as a onvolution of the partoni ross
setion σˆ and the unintegrated parton distribustion Fg(x, k
2
T , µ
2), whih depend on both
the longitudinal momentum fration x and transverse momentum kT :
σpp =
∫
Fg(x1, k
2
1T , µ
2)Fg(x2, k
2
2T , µ
2) σˆgg(x1, x2, k
2
1T , k
2
2T , ...) dx1 dx2 dk
2
1T dk
2
2T . (1)
In aord with the kt-fatorization presriptions [22, 23, 24, 25℄, the o-shell gluon spin
density matrix is taken in the form
ǫµg ǫ∗νg = p
µ
pp
ν
px
2
g/|kT |
2 = kµTk
ν
T/|kT |
2. (2)
In all other respets, our alulations follow the standard Feynman rules.
In order to estimate the degree of theoretial unertainty onneted with the hoie of
unintegrated gluon density, we use two dierent parametrizations, whih are known to show
the largest dierene with eah other, namely, the ones proposed in Refs. [22, 25℄ and [26℄.
In the rst ase [22℄, the unintegrated gluon density is derived from the ordinary (ollinear)
density G(x, µ2) by dierentiating it with respet to µ2 and setting µ2 = k2T . Here we use the
4LO GRV set [27℄ as the input olinear density. In the following, this will be referred to as
dGRV parametrisation. The other unintegrated gluon density [26℄ is obtained as a solution
of leading order BFKL equation [25℄ in the double-logarithm approximation. Tehnially, it
is alulated as the onvolution of the ordinary gluon density with some universal weight
fator. In the following, this will be referred to as JB parametrisation.
The prodution of Υ mesons in pp ollisions an proeed via either diret gluon-gluon
fusion or the prodution of P -wave states χb followed by their radiative deays χb→Υ+γ.
The diret mehanism orresponds to the partoni subproess
g + g → Υ+ g (3)
whih inludes the emission of an additional hard gluon in the nal state. The prodution
of P -wave mesons is given by
g + g → χb, (4)
and there is no emittion of any additional gluons. As we have already mentioned above, we
see no need in taking the olor-otet ontributions into onsideration.
The other essential parameters were taken as follows: the b-quark massmb = mΥ/2 = 4.75
GeV; the Υ meson wave funtion |ΨΥ(0)|
2 = 0.4 GeV3 (known from the leptoni deay
width Γl+l− [28℄); the wave funtion of P -wave states |Ψ
′
χ(0)|
2 = 0.12 GeV5 (taken from the
potential model [29℄); the radiative deay branhings Br(χb,J→Υγ) = 0.06, 0.35, 0.22 for
(J = 0, 1, 2) [28℄; the renormalization and fatorization sale µ2 = m2Υ + p
2
T .
The polarization state of a vetor meson is haraterized by the spin alignment parameter
α whih is dened as a funtion of any kinemati variable as
α(P) = (dσ/dP − 3dσL/dP)/(dσ/dP + dσL/dP), (5)
where σ is the reation ross setion and σL is the part of ross setion orresponding to
mesons with longitudinal polarization (zero heliity state). The limiting values α = 1 and
α = −1 refer to the totally transverse and totally longitudinal polarizations. We will be
interested in the behavior of α as a funtion of the Υ transverse momentum: P ≡ |pT |. The
experimental denition of α is based on measuring the angular distributions of the deay
leptons
dΓ(Υ→µ+µ−)/d cos θ ∼ 1 + α cos2 θ, (6)
5where θ is the polar angle of the nal state muon measured in the deaying meson rest
frame.
The results of our alulations for the kinemati onditions of the Tevatron and LHC
are displayed in Figs. 1 and 2. In both ases, the integration limits over rapidity were
adjusted to the experimental aeptanes of CDF (|yΥ| < 0.6) at the Tevatron and ATLAS
(|yΥ| < 2.5) at the LHC. The upper panels show the predited transverse momentum
distributions. Separately shown are the ontributions from the diret (dashed lines) and
P -wave deay (dotted lines) mehanisms. Note that, in spite of the suppression due to
smaller values of P -wave ntions ompared to S-wave ntions, the dominant ontribution
omes from the subproess (4) rather than from (3). The reason an be seen in the muh
smaller values of the nal state invariant masses, mχ << mψg. Our onlusion on the
relative size of two ontributions is ompatible with the preliminary estimates obtained by
the ollaboration CDF [11℄. The pT shape of the individual ontributions yet has not been
meaured experimentally. In the kt-fatorization approah, this shape is determined by the
unintegrated gluon density. The average pT is a bit lower in the proess (3), beause the
total transverse momentum (equal to that of the initial gluons) is shared between the two
nal state partiles; at the same time, the ontribution from the matrix element is nearly
unimportant.
It is worth noting that the prodution of χb mesons an hardly be desribed in a onsistent
way within the ollinear fatorization sheme. The leading order ontribution oming from
the subproess (4) shows unphysial δ-like pT spetrum. The usual lame exuses that the
partiles produed at zero pT disappear in the beam pipe and remain invisible do not work,
beause the deay produts do have nonzero pT and, undoubtedly, an be deteted. At the
same time, the introdution of next-to-leading ontributions (i.e., the proesses with extra
gluons in the nal state) auses the problem of infrared divergenes.
The entral panels in Figs. 1 and 2 show the behavior of the spin alignment parameter
α for Υ mesons produed in the diret subproess (3). The inrease in the fration of
longitudinally polarised mesons is promptly onneted with the inreasing virtuality (and,
onsequently, the strenghtening longitudinal polarization) of the initial gluons.
As far as the deays of P -wave states are onerned, nothing is known on the polarisation
properties of these deays. If we assume that the quark spin is onserved in radiative
transitions, and the emission of a photon only hanges the quark orbital momentum (as it
6is known to be true in the eletri dipole transitions in atomi physis, ∆S = 0, ∆L = ±1),
then the preditions on α appear to be similar to those made for the diret hannel (see lower
panels in Figs. 1 and 2, dotted urves). If, on the ontrary, we assume that the the transition
χb→Υ + γ leads to omplete depolarization, then we arrive at a more moderate behavior
of the parameter α (dash-dotted urves in Figs. 1 and 2). The overall polarization remains
slightly longitudinal (α ≃ −0.2) in the whole range of pT due to the 'diret' ontribution. A
omparison between the data on J/ψ and ψ′ polarization at the Tevatron [21℄ seems to give
support to the depolarization hypothesis. The dierene between the J/ψ and ψ′ polarization
data an be naturally explained by the presene of the depolarizing ontribution in the ase
of J/ψ and the absense of this ontribution in the ase of ψ′.
A state with purely diret prodution mehanism in the bottomonium family is the Υ(3S)
meson. The alulations presented here are also valid for this state, exept the lower total
ross setion (by an approximate fator of 1/3) beause of the orrespondingly lower value
of the wave funtion |ΨΥ(3S)(0)|
2 = 0.13 GeV3. At the same time, the preditions on the spin
alignment parameter α remain intat (entral panels in Figs. 1 and 2).
III. CONCLUSIONS
We have onsidered the prodution of Υ mesons in high energy pp ollisions in the kt-
fatorization approah and derived preditions on the spin alignment parameter α(pT ). We
point out that the predited value of α(pT ) is typially negative in the whole range of pT
and shows variations from α ≃ (−0.2) to α ≃ (−0.7) depending on the hypothesis assumed
for the deays χb→Υ(1S)+γ. At the LHC energies, the theoretial preditions possess less
sensitivity to the hoie of unintegrated gluon distributions. The purest probe is provided
by the polarization of Υ(3S) mesons. In that ase, the polarization is the strongest and the
preditions are free from unertainties oming from the unknown properties of χb deays.
We do not disuss the behavior of the parameter α(pT ) at asymptotially large transverse
momenta where the appliability of the kt-fatorization approah is questionable.
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